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The data of our previous studies on percuta-
neous absorption (1, 2) support the hypothesis
that tbe major route of steady-state diffusion is
transcellular rather than intercellular or inter-
appendageal. This conclusion is limited to
steady-state diffusion of polar, low-molecular-
weight non-electrolytes. As emphasized by one
of us there is ample reason to suppose that inter-
appendageal pathways can be very significant
during the early stages of penetration before
steady-state diffusion is established.
In another study (3) of steady-state diffu-
sion at a single temperature of the straight-
chain, primary, saturated alcohols from aqueous
solutions, through excised human skin, we ob-
served that the high-molecular-weight, lipid-
soluble alcohols have larger permeability con-
stants than do the low-molecular-weight,
water-soluble alcohols. This observation alone
indicates that the mechanism of steady-state
diffusion of each of these alcohols cannot be only
diffusion through relatively large, water-filled
channels, because, if this were the mechanism,
the permeability constant would change very
little over the entire series; actually it would
decrease slightly with increasing molecular
weight. Additional evidence that alcohols do not
diffuse through large water-filled channels has
been obtained by the work to be reported here.
The permeability constants for the alcohols
at various temperatures have been measured
and from these constants the activation energies
have been calculated from Arrhenius plots (see
Methods). The activation energy is, in essence,
that energy level to which a molecule must be
raised before it can break restraining bonds and
diffuse.
In general the activation energy is a function
of the characteristics of both the diffusing mole-
cule and the diffusion pathway. If a molecule is
strongly polar, e.g., ethanol, the addition of a
second polar group will probably not alter the
diffusion pathway but may change the activa-
tion energy because an increased number of
hydrogen bonds must be broken for diffusion
to occur. On the other hand, if the test molecule
is weakly polar or non-polar, the addition of a
polar group can markedly increase its polar
character and may alter the diffusion pathway
as well. A change in the properties of the
stratum corneum itself and hence in the diffu-
sion pathways can result if the epidermis is
treated with organic solvents. This may also
manifest itself by a change in the activation
energy for diffusion. Thus from a study of the
activation energies required for the transport
of water and non-electrolytes across normal and
altered epidermis, further information may be
gained relative to specific mechanisms of trans-
port and molecular pathways.
MErHOD5
Skin. In all experiments, epidermis from human
abdominal skin obtained at autopsy was used.
Epidermal membranes were prepared as previously
described (1).
Permeobility chambers. The permeability cham-
bers have been described by Scheuplein (1). The
epidermis is mounted on the chamber so that the
stratum corneum faces the donor side. The area
of the epidermis through which penetration oc-
curs is 2.5 cm°. The volume of the donor side of
these chambers is 12 to 14 ml and of the receptor
side 2.0 to 22 ml. Five of these chambers are
mounted around a submersible rotating magnet
(TRI-R Instruments, Inc., 144—13 Jamaica Avenue,
Jamaica, New York) so that the receptor is ad-jacent to the rotating magnet and a small teflon-
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coated magnet is placed in each receptor. The en-
tire assembly is held in a constant-temperature
water bath (Fig. 1). The water bath can be cooled
or warmed and permeability studies have been
made within the temperature range of 5° C to 60°
C.
Anolysis of receptors. The donor sides of the
chambers contain aqueous solutions of the pene-
trants. The receptors contain a weak solution of
penicillin and streptomycin. Small aliquots, usu-
ally 2 ,d, of the receptors are analyzed by gas
chromatography. Analysis of the alcohols has been
previously described (3). All other compounds
are analyzed similarly except that the oven tem-
perature varies and the column packing material
is different, For the diol and ethoxy ethanol the
column is packed with 15% Carbowax 1540 on
Fluoropak; for ethyl ether and 2-butanone with
20% Carbowax 1000 on 60/80 firebrick. Oven tem-
peratures of 40° C to 60° C are used for the lower
boiling compounds and 120° to 150° C for the
higher boiling compounds.
Determination of activation energy. The steady-
state flux of the alcohols is determined by ana-
lyzing the receptors at different time intervals.
Permeability constants are calculated from the
flux by the following equation:
= k aC,
where J8 is the flux, k the permeability constant
and XC, is the difference in concentration of the
donor and receptor; in these experiments the con-
centration of the receptor is so low compared to
the concentration of the donor that it may be
considered zero.
The permeability constants are determined at
different temperatures. An experiment of this type
requires several days during which time the stra-
tum corneum is in continuous contact with water.
Hydration alone increases the permeability con-
stant but the increase is small compared to the
increase due to increasing the temperature. Also
"conditioned" membranes were usually used, that
is, membranes which had been in contact with
water for three days.
Activation energies are calculated from the Ar-
rhenius equation:
log k5 = log A — E/2.3 ET
in which k5 is the permeability constant, A is the
frequency factor, E the activation energy, II the
gas constant and T the absolute temperature.
When log k is plotted against 1/T, a straight line
is obtained, the slope of which is proportional to
the activation energy.
Penetration of tritioted water. The flux of tn-
tiated water is determined with the same type of
diffusion chambers. The concentration of HTO in
the donor is always high compared to its maxi-
mum concentration in the receptor. Aliquots of
both the donor and receptor are added to 15 ml
portions of scintillation fluid and counted on a
Packard Scintillation Counter. A constant amount
of water is added to each vial so that the quench-
ing factor remaios constant.
Delipidization. Lipids have been removed from
the epidermis with several organic solvents: meth-
anol, ethanol, acetone, dimethylsulfoxide, ethyl
ether, chloroform, carbon tetrachloride and a mix-
ture of chloroform and methanol (2:1). The time
of contact with the solvent varies; the tissue is
held at room temperature during delipidization.
For certain experiments the membranes are im-
mersed in the solvents before putting them on the
chambers and for others the solvent is placed on
one or both sides of the membrane after it has
been mounted on the chamber. The latter method
permits the determination of the permeability of
an identical area of the membrane before and
after delipidization. The organic solvents are re-
moved from the epidermis with water before per-
meability measurements are made.
EE SULTS
Activation Energies of the Alcohols
Figure 2 shows the permeability constants for
the alcohols from methanol through octanol
over a temperature range of 5° C to 50° C. The
Arrhenius plots of these data fall into two
groups. The plots of the more polar alcohols,
ethanol through pentanol are shown in Figure 3.
FIG. 1. Five diffusion chambers mounted around
a rotating magnet.
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FIG. 2. Permeability constants of the alcohols at temperatures ranging from 50C to
5Q0 C. Solid symbols obtained as temperature was being raised; open as temperature was
being lowered.
In this experiment the average activation direct comparison.) For the non-polar alcohols
energy for these alcohols is 16.5 2.0 kcal the Arrhenius plots do not yield straight lines.
mole. At the lower temperatures the slopes become
The Arrhenius plots for the more non-polar steeper which indicates higher activation ener-
alcohols, hexanol through oetanol, are shown in gies. As will be discussed in more detail later,
Figure 4. (Pentanol is included in this plot for the non-polar alcohols may penetrate via a lipid
C
-c
E
C,
0
0
-x
00
-J
pathway; at low temperatures the lipids may
become more viscous which in turn can in-
crease the energy barriers to diffusion. For the
straight line portions of these plots at tempera-
tures above 25° C, the average activation
energy is 10.0 2.0 kcal mole1.
Permeability Constants and Activation
Energies of Chemically-Related
Compounds
It is seen in Table I that ethyl ether, the
least polar compound in this group, penetrates
most rapidly; the permeability constants for
the ketone and alcohol are quite similar. The
addition of the second hydroxy group to the
primary alcohol decreases the permeability so
greatly that it becomes difficult to measure. The
ether linkage does not reduce the permeability
as much as does a second hydroxyl group.
The activation energies for the ether, ketone
and alcohol are quite similar; the activation
energy for ether may be lower than for the
other two compounds but our methodology is
not yet sufficiently accurate to permit exact
differentiation among compounds with such simi-
lar activation energies. For the more polar com-
pounds, ethoxy ethanol and the diol, the acti-
vation energies are definitely higher.
Penetration of HTO and Alcohols
Through Delipidized Epidermis
The Arrhenius plots for the penetration of
HTO through three pieces of delipidized epi-
dermis are shown in Figure 5. The activation
energy as calculated from these plots is 6.08 to
6.5 kcal mole1. This compares to an activation
energy of approximately 15.0 kcal mole° for
water penetrating normal epidermis (1).
In agreement with data we have published
previously, it can be seen in Table II that the
non-polar alcohol, heptanol, penetrates normal
epidermis much more rapidly than does the
polar alcohol, propanol. Through the thoroughly
delipidized skin, however, the permeability con-
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FIG. 3. Arrhenius plots for the polar alcohols. All pieces of skin were taken from autopsy
specimen (1).
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autopsy specimen (2).
for the non-polar alcohols. All pieces of skin were taken from
TABLE I
at 300 C (1c5) and activation energies
stants for the two alcohols are nearly the same. energies for the three substances diffusing
Also, for the two alcohols, the activation energies through delipidized membranes approach the
through the delipidized membranes are similar activation energy for the self-diffusion of water,
and are approximately the same as for HTO 4.6 keel mole'.
through delipidized membranes. The activation Only a small portion of the specific data we
.
0.0 K. cot/mole
• Octonol (2)
A Heptunol (2)
• Hexonol t2)
• Pentanol (2)
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Permeability constants (E) of chemically related compounds
Penetrant Formula hp X 10' (cm hr-i) E (keal mole—i)
Ethyl Ether C—C—O—C—C 15-17 16 2
2-Butanone C—C—C—C 4-5 16 2
0
1-Butanol C—C—C—C—OH 2-4 16 2
2-Ethoxy Ethanol C—C—O—C—C—OH 0.2-0.3 20 2
2-3 Butane Diol C—C—C—C <0.05 >20
00
Till
4.40
7 4.30
E 4.20
'00
— 4.10
4.00
CD0
-J 3.90
3.60
3.70
3.60
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FIG. 5. Arrhenius plots for HTO penetrating delipidized epidermis. The epidermis had
been immersed in chloroform-methanol (2:1) for 30 minutes.
TABLE II
Permeability constants at 300 C (kr) and activation
energies (E) for propanol and heptanol pene-
trating normal and delipidized epidermis
For delipidization, the epidermis was held in
chloroform-methanol for two days.
Propanol Heptanol
Normal Dehu1idized Normal
Delip-
idized
k X 10 (cm hr')
E (kcal mole')
1.7
19.6
230
5.0
37.6
11.0
243
5.0
have obtained in our work on delipidization is
being reported in this paper. In general, contact
with most of the numerous organic solvents de-
creases the barrier capacity of the skin. The
extent of this decrease varies with the solvent
and with the duration of the contact. Ethanol
and methanol seem to have very little effect;
acetone, ethyl ether, chloroform, carbon tetra-
chloride and dimethyl suif oxide have greater
effects but are not as damaging to the barrier
capacity as is a mixture of chloroform-methanol
(2:1) or a mixture of ethyl ether and ethanol
(92:8). Small changes in permeability which
result from short exposure to organic solvents
are partially reversible. Even those solvents
which are most destructive of the barrier capac-
ity alter the barrier irreversibly only as a result
of relatively long contact. The mechanism
whereby the barrier capacity is restored after
delipidization of excised skin is not yet under-
stood.
DISCUSSION
Transcellular vs. Intercellular Diffusion
As noted in the introduction, our previous
work (1) has led us to the conclusion that the
major diffusion pathway through the stratum
corneum for polar molecules is primarily trans-
cellular rather than intercellular. The evidence
for this conclusion is summarized below.
1. The honeycomb structure of the stratum
corneum, as seen by light microscopy, has given
a false impression of a tissue with large inter-
cellular spaces which might easily fill with water
and allow for rapid intercellular diffusion. Cur-
rent electron microscopic evidence indicates that
the intercellular spaces are filled. The chemical
composition of the intercellular material is not
yet known (4) but presumably it consists largely
3.12 3.16 3.20 3.24 3.28 3.32 3.36
588 THE JOUENAL OF INVESTIGATIVE DEEMATOLOGY
of a complex mixture of high-molecular-weight
lipid-containing material.
2. The available intercellular diffusion volume
in the stratum corneum is of the order of 1%
or less of the total volume. To account for the
observed permeability of water and polar non-
electrolytes, diffusion within the limited diffu-
sion volume must accordingly be rapid. Tbis
implies diffusion constants in the liquid diffu-
sion range (D 2.5 x 10 em2 sec') and eor-
respondingly low activation energies (E = 4.6
keal mole'). Yet activation energy for the diffu-
sion of water through the stratum eorneum has
been shown to be about three times the activa-
tion energy for the self-diffusion of liquid water
(1).
3. For intercellular diffusion to occur as the
predominant mechanism, the intercellular bound-
aries, i.e., the cellular membranes, must con-
fine the motion of the majority of the diffusing
molecules to the intercellular regions. As shown
previously (1) this can happen only if an un-
reasonably low value (D = 10" cm2 sec') is
assumed for the diffusivity of these cell mem-
branes. Most cell membranes have a diffusivity
of D = 10° cm2 see' or more (1).
4. The permeability constants for the homolo-
gous series of low-molecular-weight alcohols,
C1 -÷ C, increases by fifty fold with increasing
lipid solubility (3). This testifies to an intimate
solute-membrane interaction which is unlikely if
diffusion occurs in aqueous intercellular chan-
nels.
Activation Energies for Transport of
Non-Electrolytes Across Epidermis
Much that had been learned previously from
the study of the penetration of water through
the epidermis has been confirmed by a study
of the penetration of non-electrolytes and fur-
ther information concerning molecular pathways
has been obtained. Because of biological varia-
tions in the epidermis, changes in the stratum
corneum during hydration, and the technical
limitations of the methods being used, it is diffi-
cult to obtain exact activation energies. Our
reported values of 16.5 2 and 10.0 2 keal
mol&1 for polar and non-polar primary alcohols
are best considered to be approximate average
values. Repeated experiments do not always give
activation energies for the non-polar alcohols as
low as the 10 kcal mole5 given in Figure 4. Ocea-
sionally a polar solute will penetrate a given
sample of epidermis with an activation energy
as high as 22.5 kcal mole' which was reported
by us in an earlier publication (5). It was for
these reasons that the data reproduced in
Figures 3 and 4 were obtained simultaneously on
adjacent pieces of the same epidermis. We
believe these data to be representative and that
for non-electrolytes diffusing through normal
epidermis, the activation energy increases as the
molecules become more polar. It is also evident
that the activation energy for the diffusion
through normal epidermis of each of the com-
pounds studied is high in comparison to the
activation energy for the diffusion of the cor-
responding non-electrolyte through water.
Diffusion Mechanisms of Polar and
Non-Polar Substances
It is not the intent of this paper to discuss
in detail the multiple thermodynamic factors
involved in the kinetics of transport of non-
electrolytes across the epidermis. These will be
considered in a subsequent paper. Suffice it to
say that the higher activation energies for the
polar compounds indicate that these molecules
in diffusing through normal epidermis encounter
greater energy barriers and must be able to
overcome stronger restraining forces than is true
for the non-polar molecules. It is known that the
non-polar compounds dissolve readily in the
stratum corncum because their partition co-
efficients between stratum corneum and water
have been shown to be high (1). They dissolve
in the lipid, non-polar fraction of the stratum
corneum and this fraction may be a non-polar
pathway through which they diffuse. The polar
compounds on the other hand probably diffuse
principally through a polar pathway consisting
of "bound-water" within the extensively hy-
drated membrane. More or less continuous
regions of water molecules are very likely pres-
ent, adsorbed in irregular multilayers on the
scaffolding provided initially by the polar side
chains of the fibrous protein (6). It is physically
likely that the principal diffusion of water and
other polar molecules occurs through these
aqueous regions between the molecular or macro-
molecular components of the membrane rather
than through the protein matrix per se. There
is evidence that the bulk of this water is
"bound" (7) and has a greater viscosity than
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ordinary free water. The activation energy for
a polar molecule diffusing through "bound-
water" regions would be expected to be con-
siderably greater than its activation energy
when diffusing through free water.
It has been observed over a number of years
that treating the epidermis with organic solvents
increases its permeability to water (8—11). We
have now shown that long immersion of the
epidermis in a "delipidizing" solvent, such as
chloroform-methanol, not only increases its per-
mcability to non-electrolytes, but also decreases
the activation energy for their diffusion. Actually
the activation energy is reduced to a level ap-
proximately equivalent to the activation energy
for these molecules diffusing through free water.
It appears that the presence of lipids is essen-
tial to the formation of "bound-water" and that
thorough delipidization can prevent its stabiliza-
tion (7). After such solvent treatment the
aqueous regions appear to contain only free
water and the mechanism of transport of both
polar and non-polar non-electrolytes is akin to
free liquid diffusion.
sUMMARY
(1) Polar and non-polar molecules appear to
diffuse through normal epidermis by different
molecular mechanisms characterized by different
activation energies.
(2) The activation energy is generally higher
for a non-electrolyte when it contains more than
one polar group or when the polar character of
the group is increased. Diffusion rates for more
polar molecules are correspondingly lower.
(3) The high activation energies found for
water and the polar alcohols are consistent with
the hypothesis that they diffuse through "bound-
water" regions in the hydrated stratum cor-
neum.
(4) The activation energies for water, for a
polar alcohol, and for a non-polar alcohol
diffusing through thoroughly delipidized epi-
dermis are similar and all approach the activa-
tion energy for the self-diffusion of water. These
compounds probably diffuse through relatively
large, water-filled channels in this delipidized
tissue.
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